Global warming is one of the most serious environmental problems we are having today. The average temperature of Japan actually increased about 1 C during the last 100 years. High temperature stress during rice ripening periods causes a decrease in not only grain yield but also grain appearance quality. The presence or absence of chalk appearance is an important quality characteristic in rice. It is widely known that the occurrence of chalky grains of rice including whitecore, white-belly, white-base and white-back kernels is increased by high temperature stress during grain filling.
Interestingly, the feature of the change of granule surface was similar to that occurring during germination.
8) The examination of how the chalkiness of rice grains affects the cooking quality is also an important issue. The chalky grains exhibited their characteristic physicochemical properties of the cooked rice different from those of the perfect grains. [4] [5] [6] [9] [10] [11] From the obtained results, they mentioned that the cooked/steamed rice of chalky grains had undesirable higher hard texture.
12) The mechanism of grain chalkiness under high temperature stress is considerably complicated: disorder of photosynthesis, translocation efficiency, sourcesink relationship, and protein expression in ripening seeds may involve in such chalking mechanism. Interestingly however, it has been shown that the environmental temperature at the grain filling stage influenced the starch composition in rice grains. 5, [11] [12] [13] [14] [15] [16] [17] High temperature stress decreased the amylose contents and altered the fine structure of amylopectin, 13, 16) suggesting that the unusual expression of the starch synthesizing enzymes is a possible key factor causing the chalky grains of rice. 18, 19) In the present study, we characterized chalky and perfect grains of rice (Koshihikari cultivar) harvested in Niigata of 2010 that was the hottest year since Japan began keeping records, by comparing those of rice grains harvested in 2009 that was the temperature of the average year. Furthermore, we considered whether abnormal starch degradation was involved in the large occurrence of chalky grains in Niigata of 2010.
MATERIALS AND METHODS

Materials.
Grains of rice (Oryza sativa L. cv. Koshihikari) grown in Sanjyo-shi, Niigata Prefecture (Japan) were harvested in two consecutive years, 2009 and 2010, and these were separated to the first-class and damaged grains using a grain sorting machine set with 1.85 and 1.8 mm mesh, respectively. Perfect grains that exhibited a transparency were selected from the first-class grains on a viewer (FUJICOLOR Light box New-5,000 Inverter, Fuji film Co., Tokyo, Japan). Chalky grains that contain opaque part(s) within the endosperm were selected from the damaged grains on a viewer or by Single-grain Rice Inspector (Kett Electric Laboratory Co., Tokyo, Japan). Since the average temperature of heading and ripening period of Koshihikari in 2010 (28.0 C) was much higher than that in 2009 (24.4 C), the chalky grain harvested in 2010 was called as high temperature (HT) stressed chalky grain in this work. All the samples were stored at the temperature range from 4 to 10 C until the experiment was carried out. Characteristics of brown rice grain. Two hundred grains of brown rice randomly chosen from each sample were weighed 7 times for estimating 1,000-kernel weight. The length, width and thickness of each grain were measured by using DIGIMATIC MICROMETER (Mitsutoyo Co., Kawasaki, Japan). Scanning Electron Microscopy (SEM). Brown rice grain was cracked with a razor blade, and the cracked surface was coated with gold for 90 s using a vaporizer and subjected to a Scanning Electron Microscope (3D real surface microscope VE-9800, Keyence Corp., Tokyo, Japan). Observation conditions were as follows: acceleration voltage, 8 kV; magnification, 3,000. Breaking test of cooked rice. Brown rice was polished to 90% with a grain polisher (Kett Electric Laboratory Co., Tokyo, Japan). Polished grains were cooked using a thermal shaker (FATSM002, Favorgen Biotech Co., Taiwan) as follows: one grain was swollen with the distilled water in a 200 µL plastic tube at 25 C for 90 min. Perfect and chalky grains harvested in 2009 were used and swollen with 60 and 47 µL H2O, respectively. The cooking was performed at 48 C for 10 min, 60 C for 5 min, 98 C for 12 min and 93 C for 10 min, and then the cooling down was at 60 C for 10 min, 30 C for 30 min and 25 C for 30 min, sequentially.
20)
Breaking test of cooked rice was carried out using a Rheoner RE-33005 (Yamaden Co., Tokyo, Japan), and the cooked rice was perpendicularly pressured to the long axis of the sample. The measurement conditon was as follows: load, 2N; apparent strain, 90%; descent speed, 1 mm/s; temperature, 25 C; a wedge-shaped plunger with 30 angle and with a rectangular tip (1.0 30.0 mm). The force required in the force-deformation curve and the energy determinated from the area under the curve were obtained for 20 cooked rice grains, and the average and the standard deviation were caluculated. And then, since the shape of rice grains are irregular, an apparent stress was estimated as a force divided by the area, the width of the plunger (1.0 mm) the width of the short axis of cooked rice without the breaking, and an apparent strain was estimated as a ratio of the descent distance of the plunger divided by the distance at which the plunger touched first during descent. Measurement of chain-length distribution of starch and determination of apparent amylose content. The method determining chain-length distribution of starch was essentially identical to the procedure described earlier for amylopectin.
21) Because of the limited quantities of rice grains or parts of them that are available for the measurements, purification of starch from rice gains was omitted and instead crushed rice was subjected to fluorescent labeling and subsequent HPLC analysis. Rice grains or a part of grains (either opaque or translucent) that was cut out of grains (~50 mg) were soaked in 200 µL of cold 0.2% (w/v) NaOH at 4 C for 1 h in a screw-capped tube. To the alkaline-soaked grains were added 800 µL of ice-cold water, and the grains were crushed in a pre-chilled stainless-steel crasher (BugCrasher GM-01; TAITEC Co., Koshigaya, Japan). The apparatus was set at maximum crushing strength, and crushing operation for 3 min followed by 3 min cooling on ice was repeated 3 times. The crushed rice was spun-down at 4,500 rpm for 30 s at ambient temperature, and supernatant was discarded. The pellet was washed three times by suspending in 1 mL of cold water and centrifuging as above, and the washed pellet was again suspended in 1 mL of cold water and left overnight at 4 C. The pellet was collected by centrifugation and washed three times again as above. The washed pellet was suspended in 1 mL of cold water and kept at 4 C for 3 h. A half of the supernatant (0.5 mL) was removed for measurement with a pH meter for confirmation of neutral pH of the suspension after the extensive washings. After the confirmation, 0.5 mL of cold water was added to the crushed rice suspension, and the specimen was stored at 4 C until use.
Carbohydrate content was estimated by the phenolsulfuric acid method.
22) An appropriate volume containing 5 mg of carbohydrate was transferred into a screw-capped glass tube and crushed rice was collected by centrifugation. For defatting, the pellet was dissolved in 300 µL of 90% (v/v) DMSO in a boiling-water bath, and precipitated by addition of 1 volume of ethanol, and then cooling in an ice bucket for 2 h. Supernatant was discarded after centrifugation at 3,000 rpm and 4 C for 10 min, and the procedure was repeated again. The defatted specimen was subjected to hydrolysis with isoamylase (0.03 U/mg of amylopectin, in 10 mM acetate buffer, pH 3.5 at 45 C for 12 h) and fluorescent labeling as described elsewhere.
21) Apparent amylose content was determined from chromatograms obtained with a refractive-index (RI) detector and was expressed as percentage of total peak area (see Fig. 3 ). Glucose contents in opaque and translucent parts of grains. Translucent part of perfect grain and opaque part of chalky grain were prepared by a razor blade, and they were milled with the electric coffee mill (MJ-518, Melitta Japan Co., Tokyo, Japan). The former (80 mg) and latter (40 mg) milled samples were homogenized in a mortar with 2 mL of 80 (v/v)% ethanol. These suspensions were poured into the microtube, and the motors were washed 3 times with 2 mL ethanol to collect all the suspensions. The original homogenate and three washed samples were boiled for 20 min, cooled down, and centrifuged at 4 C for 10 min at 10,000
G to obtain the supernatant. The combined supernatant of each sample was dried at 45 C for approximately 15 h in a vacuum centrifuge (CHARIST ALPHA RVC.; Kubota Co., Osaka, Japan). The ethanol soluble free sugars were dissolved with H2O and subjected to the assay of glucose content using a coupled enzyme reaction.
23) The assay mixture (500 µL) composed of 156 mM Tris-HCl (pH7.6), 2.4 mM MgCl2, 0.8 mM ATP, 0.47 mM β-NAD + , 2.3 U of hexokinase, 0.4 U of Glucose-6-phosphate dehydrogenase and the sugar sample was incubated at 37 C for 30 min. After cooling to 4 C, the absorbance at 340 nm was measured with a spectrophotometer (Spectrophotometer U-2900; Hitachi Co., Tokyo, Japan).
RESULTS AND DISCUSSION
Characteristics of perfect and chalky grains of rice.
Brown rice grains of Koshihikari harvested in Sanjo area (Niigata, Japan) in 2009 and 2010 were sorted to Perfect and Chalky . The chalky grains in 2010 might have occurred by high-temperature stress during grain filling, since the average temperature during the heading and ripening period was 28.0 C. Therefore these were designated as high temperature (HT)-stressed chalky grains. As expected, the size of the chalky grain was smaller than that of the perfect grain, whereas there was no difference between the sizes in the 2009 chalky and 2010 HT-stressed chalky grains.
It has been reported that the appearance quality and quantity of rice grain decreased above or below the optimum temperature range of grain filling. 3, 24, 25) The occurrence of white immature (chalky) grains of Koshihikari increased at higher than 25 C of the ripening average temperature.
26) The average temperatures during the heading and ripening period of Koshihikari in Niigata area of 2009 and 2010 were 24.4 and 28.0 C, respectively. In agreement with the observation of Tashiro and Wardlaw (1991a, b) , 3, 25) the percentage of the chalky grains of Koshihikari was extremely increased in 2010. The image characteristics of Koshihikari chalky grains were similar to the report of Kim et al. (2000) 4) that the size of chalky grain of rice was apparently small compared with the perfect grain. However, we found that the 1,000-kernel weight of the HT-stressed chalky grain produced under the grain filling temperature of 28.0 C was lower than that of the chalky grain produced under the 24.4 C condition (Table 1) . A quantitative imaging of chalky grains was carried out employing a high-resolution scanner (CanoScan 8800F; Cannon Co., Tokyo, Japan) with imaging software (Just TLC; SWEDY Co., Sweden). The ratios of opaque region to whole area in the 2009 and 2010 chalky grains were estimated to be 61.1 10.2 and 78.4 13.6% (n = 50), respectively. These results strongly suggest that the high temperature stress further extended the chalking of grain. Figure 1 shows SEM images of the perfect and chalky grains harvested in 2009. In the prefect grain, the starch granules were tightly packed in the endosperm cells, and the shape of starch granule was polygonal with sharp edges (Fig. 1 (A) ). The starch granules in the translucent part of chalky grains (Fig. 1 (B) ) had similar tight packing and shape to the perfect grain. While, in the opaque part of chalky grains, the starch granules that had a round shape with several small pits were loosely packed ( Fig. 1 (C) ). The SEM studies in the perfect and chalky grains of rice have been done by several research groups.
SEM observation of perfect and chalky grains.
2-7) The present result of SEM observation confirmed the general understanding that the opaque portion of chalky grain had looser packing of round-shaped starch granules. Furthermore, it should be stressed that numerous pits were observed upon the surface of round-shaped starch granules from the chalky endosperm ( Fig. 1 (D) ). This observation appears to indicate that damage of starch synthesis and premature autolysis of starch that were caused by high temperature stress of grain filling period resulted in the abnormal shape of starch granules in the opaque parts of grain. 
Breaking test of cooked rice of perfect and chalky grains.
To examine the effect of chalkiness on properties of cooked rice, the perfect and chalky grains harvested in 2009 were cooked and subjected to a breaking test. The thickness of the cooked rice of prefect and chalky grains were 2.2 and 1.9 mm (Table 2) , respectively. The ratio of thickness of chalky to perfect grains before or after cooking was calculated to be 0.88 and 0.86 (Tables 1 and 2 ), suggesting that the chalkiness of grain did not affect the swelling of cooked rice. When the apparent stress-apparent strain curves of cooked rice of perfect and chalky grains were compared, significant differences were found between these two grain-types (Fig. 2) . As shown in Fig. 2 , the breaking point of the perfect grain appeared at 58.4% of apparent strain, whereas the chalky grain had no clear breaking point. The apparent stress of the cooked chalky grain was lower compared with that of perfect grain in the range from 0 to about 75% of apparent strain. Especially, the apparent stress and the apparent energy of the cooked chalky grain (13.4 10 4 Pa, 3.7 10 4 J/m 3 ) were much lower compared with those of perfect grain (17.5 10 4 Pa, 5.9 10 4 J/m 3 ) at 60% of apparent strain (Table 2 ). Loose packing of starch granules probably led to the softness of chalky grains. Although the apparent stress required for the apparent strain up to 60% was lower for chalky grains than for perfect grains, the apparent stress tended to increase at larger apparent strain range indicating a strain hardening in chalky grains. It has been widely accepted that high temperature resulted in a reduction of activity for GBSSI and BEs, 17, 27, 28) decrease of amylose content, 15, 17) and increase of long B chain of amylopectin.
12,13,17) Bhattacharya et al. (1999) 29) have reported that the texture properties were correlated to the amylose content and the chain length of amylopectin. Furthermore, several research groups have described physical properties of chalky rice grains. 5, 6, 11, 12, 30) Lisle et al. (2000) 5) had reported that the higher pasting temperatures and peak viscosities were observed in the Rapid Visco-Analyzer (RVA) measurements when the amount of chalk in the rice grains increased by high temperature stress (38/21 C, day/night). Cheng et al. (2005) 11) have demonstrated that starch gels prepared from chalky parts of rice grains using RVA had slightly higher hardness and chewiness than the gels prepared from translucent parts. They suggested that the textural properties of chalky grain were mainly caused by its relatively high hardness and chewiness. 11) Yamakawa et al. (2007) 12) have also described less sticky texture of the high temperature-stressed chalky grains. Singh et al. (2003) 6) described that the maximum force and chewiness of cooked rice of chalky grains was smaller than those of the translucent grains, while the chalky grains showed the higher conclusion temperature, Tc1, and the higher endothermic enthalpy, H1, of starch gelatinization by differential scanning calorimetry (DSC) compared with the translucent grains. It was suggested that the higher values in Tc1 and H1 might be induced by the higher amylopectin contents of chalky grain, and the starch crystallinity of chalky grain was high, 6, 9, 10) and the gelatinization characteristics of starch measured by DSC is generally attributed to the crystalline nature of double-helices in amylopectin. 31, 32) The present results obtained by the breaking test of cooked rice grains were not well consistent with the previous researches. 5, 6, 11, 12, 30) The rheological properties of the starches isolated from the opaque and translucent parts of chalky grains remain to be determined. The sample grains were subjected to starch extraction, isoamylase digestion and fluorescence labeling followed by HPLC size-exclusion chromatography. Figure 3 shows typical separation profiles of unit chains of starches from 6 different samples. Significant difference in chain-length distributions between the translucent and opaque parts of grains was scarcely detectable in both 2009 (Figs. 3 (A) and (B) ) and 2010 (Figs. 3 (C) and (D)). Quantitative analyses of the contents of apparent amylose, A + B1 and B2 + B3 fractions of unit-chains of amylopectin were carried out using the chromatograms obtained on a weight basis (Table 3 ). In the 2009 sample grains, the amylose contents and amount of the unit-chain fractions of amylopectin were not distinguishable in spite of their translucent and opaque appearance. The weight ratios of (A + B1) / (B2 + B3) in sample 1, 2 and 3 were determined to be 3.26, 3.36 and 3.46, respectively. Interestingly, the amylose contents and the chain-length distribution of amylopectin were also almost the same in the 2010 translucent and opaque parts. The ratios of (A + B1) / (B2 + B3) in sample 4, 5 and 6 were determined to be 2.94, 2.85 and 2.97, respectively. Besides, preliminary expeiments on chainlength distributions of β-amylase limit dextrins of samples 4-6 from grains harvested in 2010 indicated essentially the same values of mole% of A-and B1-fractions for the three samples (JSTAGE Supplementary Material Fig. S1 ). When comparing the chain-length distributions of starches in the 2009 and 2010 grains, we observed slight differences in the contents of amylose and long B chains of amylopectin (Table 3 ). These results indicated that there is no large difference in chain-length distribution of starch among the perfect grains and the translucent and opaque parts of chalky grains. Therefore, in terms of molecular structures, reasons for the characteristic chalky appearance and loosely-packed round-shaped starch granules of the chalky grains must be attributed to factors other than chain-length distribution of starch.
Numerous investigations have revealed that the environmental temperature at the grain filling stage apparently alters the starch composition in rice grains. 5, [11] [12] [13] [14] [15] [16] [17] Furthermore, recent investigation demonstrated that the enzyme activity of BEIIb in vitro was reduced at more than 35 C. 28) High temperature stress decreased the amylose contents and the weight ratio of A + short B chains to long B chains of amylopectin. 13, 16) More precisely with an HPAEC-PAD technique, Umemoto et al. 33) observed increased and decreased percentages of chains of DP 6-13 and DP 20-27 and 44-54, respectively, at lower temperatures during grain- 18) The chalkiness of ae mutant was overcome by transforming the wild-type BEIIb gene, 19) suggesting that the unusual expression of BEIIb is one of key factors causing the chalking of grain. However, Yamakawa et al. (2007) 12) have mentioned that, judging from the data obtained using a series of high temperature tolerant and sensitive cultivars, the reduction of amylose content and the increase of long B chains of amylopectin by high temperature were not correlated to the grain chalkiness. Thus, the relevance of the starch fine structure to the chalkiness of grain under high temperature stress is obscure yet.
Glucose accumulation in opaque parts of grains caused by high temperature stress. Translucent central part of perfect grain and opaque part of chalky grain in 2009 and 2010 (samples 1, 3, 4 and 6) were subjected the glucose assay. As shown in Table 4 , the contents of glucose in opaque parts (11.37 and 13.35 µmol/g, respectively) were remarkably high in comparison with the corresponding translucent parts of perfect grains (5.27 and 5.46 µmol/g, respectively). Furthermore, the glucose content in opaque part was increased by the high temperature stress in 2010, though those in perfect grains were indistinguishable regardless of the 2009 or 2010 environmental condition. This result possibly indicates that amylolytic enzyme exists and works in the opaque parts of chalky grains. The expression of several α-amylase mRNA species has been shown in developing seeds of rice using a transcriptomic analysis. It is noteworthy that the expression of Amy1A, Amy1C, Amy3D and Amy3E genes, as well as α-amylase activity, was enhanced under high temperature stress.
12,34) Asatsuma et al. (2006) 35) have reported that ectopic overexpression of AmyI-1 (Amy1A) and AmyII-4 (Amy3D) resulted in grains with decrease weight and chalky appearance even ripened under normal temperature condition. On the other hand, Ishimaru et al. (2009) 7) have reported that the α-amylase mRNA was not detected in the central part of endosperm tissue during grain filling, claiming that starch degradation by α-amylase was not the cause of the formation of chalky grain. However, it was shown that RNAi-mediated suppression of α-amylase genes in ripening seeds resulted in fewer chalky grains under high-temperature conditions, and the extent of the decrease in the ratio of chalky grains was highly correlated to decreases in the expression of Amy1A, Amy1C, Amy3A and Amy3B. 32) Furthermore, Tsuyukubo et al. (2010 Tsuyukubo et al. ( , 2012 36,37) have demonstrated that AmyI-1 (Amy1A) and AmyII-4 (Amy3D) proteins existed in the outer layers (100 to 80% fractions) of rice grain (cv. Koshihikari), while α-glucosidase and AmyII-3 (Amy3E) were mainly detected in the inner layers (80 to 0% fractions) by immunoblotting with the specific antibodies. The overall experimental results reveal that activation of α-amylases by high temperature is a crucial trigger for grain chalkiness, although individual contribution of α-amylase isoforms involving in site specific localization of chalking remains to be examined.
